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Available online 28 November 2015AbstractIn the present work the nuclear deformation of Sodium, Silicon, Chromium, and Samarium isotopes has been investigated
within the framework of Skyrme-Hartree-Fock-Bogolyubov method. In particular, we investigate the behaviour the potential en-
ergy curves as a function of the quadrupole deformation parameter for these isotopes using SLy4 parameterization which give good
agreement for the nuclear root mean square radii and binding energies. The variation effect of Skyrme parameterizations; SLy4,
SLy7, SkM* and Skxs25 on the calculated values of the quadrupole deformation of the selected isotopes have been also disclosed in
appropriate figures.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of University of Kerbala. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Deformation in the nuclear shape is one of the
fundamental features of the nuclear structure, and this
mechanism reflects quantal effects such as the shell
effect, the pairing correlation, and the long range
protoneneutron correlation. Thus, analyses of a new
deformation region often provide us with new insights
into nuclear structure [1]. The self-consistent mean
field theory (SCMF) is a powerful scheme to analyze
the deformation of heavy mass nuclei. Mechanism
when we deal with nuclei far from the stability line in
the many-body nature of nuclear systems prevents
exact solution of the Schrodinger equation, so* Corresponding author.
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the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/approximations are necessary. One such approximation
method is the Hartree-Fock (HF) approach. It is a
mean-field technique used to approximate the ground-
state wave function and provide an estimate for various
observables including the ground-state energy of the
system [2]. The overall wave function is approximated
as an anti-symmetries product of each single particle
state, (i.e. a single Slater determinant). The variational
principle is applied to derive a set of coupled equations
which yield minimised values of the energy, as the best
approximation to the exact solution, therefore the self-
consistency of the description is guaranteed by
applying the Hartree-Fock-Bogoliubov (HFB) method.
Because all of the nucleons are treated on an equal
footing and contribute to single particle and pairing
mean fields, a few hundred nucleonic wave functions
have to be calculated which makes the computationaln behalf of University of Kerbala. This is an open access article under
4.0/).
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Skyrme interactions is one of the standard approaches
in nuclear structure research [3,4]. In the last two de-
cades it has become possible to solve the HFB equa-
tions directly in the coordinate mesh space [5,6]. In
order to investigate the structure of drip-line nuclei, the
need for such coordinate-space HFB calculations has
been greatly increased and intensive analyses have
been made for neutron radii and skins in spherical
neutron-rich nuclei [7,8]. Where it was observed both,
Terasaki, Heenen, Flocard and Bonche [9,10] have
removed the restriction of spherical symmetry in
solving the coordinate-space Skyrme-HFB equations in
order to investigate the possibility to get three-
dimensional (3D) deformed solutions in neutron rich
nuclei. In their works, a Skyrme interaction is used to
describe the HF Hamiltonian while a density depen-
dent zero-range interaction is used for the pairing
channel. There have been three ways of implementing
deformation effects into the coordinate-space HFB. (i)
The first method, the so-called two-basis method
[11,12], is based on the diagonalization of the parti-
cleeparticle part of the HFB Hamiltonian in the self-
consistent basis, obtained by solving the HF problem
with box boundary conditions. The disadvantage of
this method is the appearance of a large number of
positive-energy free-particle states which limits the
number of discretized continuum states (i.e. the
maximum single-particle energy taken in this method
is usually less than 10 MeV). (ii) The second method,
very promising strategy, the so-called canonical-basis
HFB method, utilizes the spatially localized eigen-
states of the one-body density matrix without explicitly
going to the quasiparticle representation [13,14]. An
approach to axial coordinate-space HFB has been
developed that uses a basis-spline method [15,16].
While precise, these two latter methods are not easy to
implement and, because they are time-consuming,
cannot be used in large-scale calculations in which a
crucial factor is the ability to perform quick calcula-
tions for many nuclei. (iii) In the absence of fast
coordinate-space solutions to the deformed HFB
equations, it is useful to consider instead the
configuration-space approach, where by the HFB so-
lution is expanded in some single-particle basis. In this
context, the basis of a harmonic oscillator (HO) turned
out to be particularly useful.
2. Theoretical framework
In the HFB approximation the Hamiltonian is
essentially reduced to two potentials: the self-consistent average potential (G) from HF theory, and
an additional pairing field (D), known from the
Bardeen-Cooper-Schrieffer theory (BCS) “The BCS
theory states basically that the pairing strength is
constant for the matrix elements corresponding to the
pairing tensor”. It was introduced to Nuclear Physics
by Belayed [17] as a way to account for the pairing
correlations in nuclei.
In the following section we will introduce the gen-
eral quasiparticle picture in the standard HFB
formalism. The basic idea in the most general quasi-
particle concept is to define the HFB approximate
ground state of the many-body system as a vacuum
with respect to quasiparticles [18,19].bbjF0〉¼ 0 ð1Þ
where they find that handling the definition of quasi-
particles in terms of exact eigenstates of the many-
body Hamiltonian is rather difficult. Instead, will use
the resulting quasiparticles from the Bogoliubov
transformation [20], which are now an approximation
of the exact eigen-functions of the Hamiltonian.
The many-body Hamiltonian of a system of fer-
mions can be expressed in terms of a set of annihilation
and creation operators ðbay; baÞ [21]
bH ¼XA
ij
tijbaybaþ 1
4
XA
ijkl
vijklbayi bayj bakbal ð2Þ
where vijkl are anti-symmetrized two-body interaction
matrix elements (i.e. effective interactions), where tij is
the kinetic energy operator of i-th and j-th nucleons and
the indices i, j, k, and l label the single-particle states in
some complete orthonormal basis and the vijkl are the
matrix elements of the nucleonenucleon interaction.
All indices run over all available states, (i.e., normally
from 1 to∞). An eigenstate of this Hamiltonian can be
expanded as a sum over states which all have the same
total number of nucleons, but with the nucleons occu-
pying the available single-particle states in all possible
combinations. The Skyrme interaction for nuclear
structure calculations was developed from the idea that
the energy functional could be expressed in terms of a
zero-range expansion, leading to a simple derivation of
the HF equations, in which the exchange terms have the
same mathematical structure as the direct terms. This
approximation greatly reduces the number of in-
tegrations over single-particle states when solving the
equations.
The Skyrme effective interaction that leads to ESky
is a two-body density-dependent interaction that
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and contains central, spin-orbit and tensor contribu-
tions in coordinate space representation, given by Ref.
[22].
VSkyði; jÞ¼t0

1þx0 bPsd12þ t1
2

1þx1 bPsbk 02d12þd12 bk 2þ t21þx2 bPsbk 0$d12 bk
þ t3
6

1þx3 bPsraR!d12þ iW0 bk 0ðbs1þbs2Þ
 bkd12
ð3Þ
where
d12 ¼ dð r!1  r!2Þ: ð4Þ
and
R
!¼ r
!
1 þ r!2
2
: ð5Þ
the bk and bk 0 operators are the relative wave vectors of
two nucleons acts to the right and to the left (i.e. the
complex conjugate wave functions, with coordinate r
0
),
respectively. They have the form:
bk ¼ 1
2i

V
!
1  V!2

0bk 2 ¼1
4

V21 þV22  2V
!
1$V
!
2

ð6Þ
bk 0 ¼ 1
2i

V
!0
1  V
!0
2

0bk 02
¼1
4

V021 þV022  2V
!0
1$V
!0
2

ð7Þ
The terms t0, t1, t2, t3, x0, x1, x2, x3, a and W0 are the
free parameters describing the strengths of the different
interaction terms which are fitted to the nuclear
structure data. The t0 term represents a zero-range
central potential, and the t1 and t2 terms are non-
local, since they depend on the gradient of the den-
sities and have both central and exchange components
with the range of the potential related to t1/t0 [23]. AlsobPs ¼ 1
2
ð1þ bs1$bs2Þ ð8Þ
is the spin exchange operator and bs is the spin operator.
The term containingW0 represents the spin-orbit part of
the nucleonenucleon interaction and the t3 term is an
effective density-dependent interaction. This term is of
particular importance as it provides the appropriate
saturation properties, securing the success of the SHF
model for the description of finite nuclei. Thiscomponent was originally formulated as a zero range
three-body force, written in terms of a two-body den-
sity-dependent term in the time even functional, which
is the case if (a¼ 1), however it was found that the first
generation of Skyrme interactions using this definition
led to incompressibility values that were too high [24],
so values of (1/6  a  1/3) were introduced in more
modern parameterisations, losing the connection with a
three-body force [25], to obtain the HF equations, we
have to evaluate the expectation value of the Hamilto-
nian in a Slater determinant jHF〉. It is given by
E ¼ 〈FHFj bH jFHF〉
¼ PA
i¼1
〈fij bT jfi〉þ 12XA
ij
〈fifjjVði; jÞjfifj〉
ð9Þ
The expectation value of the HF Hamiltonian or
energy of the system can be re-written as a spatial
integral over a Hamiltonian density:
E ¼
Z
d3r bHðrÞ ð10Þ
By substituting the Skyrme interaction terms into
the full energy expression, the form of the density
function, H can be derived. Where V(i,j) contains all
parts of the nucleonenucleon force, including the
Coulomb interaction.
The full expression for the expectation value of the
HF equations with the Skyrme force is then:
ESky ¼
Z
d3rHðrÞ
ESky ¼
Z
d3r

Z2
2m
tþ 1
2
t0

rðrÞ2

1þ 1
2
x0
	


x0 þ 1
2
	
rnðrÞ2 þ rpðrÞ2


þ 1
12
t3

rðrÞaþ2

1þ 1
2
x3
	


x3 þ 1
2
	
rðrÞarnðrÞ2 þ rpðrÞ2

þ 1
4
ðt1 þ t2Þrtþ 1
8
ðt2  t1Þ

rntn þ rptp

þ 1
16
ðt2  3t1ÞrV2rþ 1
32
ð3t1 þ t2Þ

rnV
2rn
þ rpV2rp
þ 1
16
ðt1  t2Þ

J2n þ J2p

 1
2
W0

V
!
r$Jþ V!rn$Jn þ V!rp$Jp

ð11Þ
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jF0〉 is defined as the quasiparticle vacuum (bb), where
the quasiparticle operators (bb ; bby) are connected to the
original particle operators via the linear Bogoliubov
transformation [26]
bby ¼XA
k¼1

U*kibak þV*kibayk¼ XA
k¼1

Uyikbak þV yikbayk ð12Þ
and
bb ¼XA
k¼1

Ukibayk þVkibayk¼XA
k¼1

UTkibak þVTkibayk ð13Þ
This unitary transformation is a transformation from
the system of single-particle operators (ba1,…, baA ;bay1,…,bayk) to the system of quasiparticle operators
( bb1,…, bbA; bby1,…,bbyk ). It can be written in the matrix
form:
 bbbby
	
¼

Uy V y
VT UT
	 babay
	
ð14Þ
where the new matrix U ≡ {Uik} and V ≡ {Vik}, the
matrices U and V satisfy the relations:
UyU þVyV ¼ 1; UUy þV*VT ¼ 1
UTV þVTU ¼ 0; UV y þV*UT ¼ 0 ð15Þ
and allows us to invert Eqs. (12), and (13)
bayl ¼XA
i¼1

U*li
bbyi þVlibbi ð16Þ
and
bal ¼XA
i¼1

Ulibbi þV*libbyi ð17Þ
which means that the Bogoliubov transformation of Eq.
(14) is unitary and it can be easily inverted
 babay
	
¼

U V*
V U*
	 bbbby
	
ð18Þ
using the inverse Bogoliubov transformation Eqs. (16),
and (17), the Hamiltonian bH (see Eq. (2)) can be
expressed in terms of the generalized quasiparticle op-
erators (the substitution of (16) and (17) into (2)),bH ¼ H0X
k1k2
H11k1k2 b
y
k1
bk2 þ
X
k1k2

H20k1k2b
y
k1
b
y
k2
þ h:c:
þ
X
k1k2k3k4

H40k1k2k3k4 b
y
k1
b
y
k2
b
y
k3
b
y
k4
þ h:c:
þ
X
k1k2k3k4

H31k1k2k3k4 b
y
k1
b
y
k2
b
y
k3
bk4 þ h:c:

þ 1
4
X
k1k2k3k4

H22k1k2k3k4 b
y
k1
b
y
k2
bk3bk4 þ h:c:

ð19Þ
The last three terms in Eq. (19), are usually involved
in so called residual interaction term bHint. So, the ex-
pressions of Eq. (19) is written asbH ¼ Ho þX
k1k2
H11k1k2 b
y
k1
bk2 þ
X
k1k2

H20k1k2b
y
k1
b
y
k2
þ h:c:
þ bHint
ð20Þ
The HFB is a variational theory that treats in a
unified fashion mean-field and pairing correlations.
The HFB equations can be written in matrix form as
h l D
D* h* þ l
	
Uk
Vk
	
¼ Ek

Uk
Vk
	
ð21Þ
where Ek are the quasiparticle energies, l is the chem-
ical potential, h and D are the HF Hamiltonian and the
pairing potential, respectively, and Uk and Vk are the
upper and lower components of the quasiparticle wave
functions. These equations are solved subject to con-
straints on the average numbers of neutrons and protons
in the system, which determine the two corresponding
chemical potentials, ln and lp. Pairing is particularly
important as one moves away from spherical closed-
shell nuclei and therefore becomes a necessary
ingredient within mean-field models for describing
properties that vary strongly with shell effects. Pairing
correlations are accounted for within the HF framework
by generalising the mean-field concept to include a
pairing field, which is calculated through the HFB
equations [27]. A widely used effective pairing inter-
action employed within this approach is given by a
two-body zero-range local force including a density
dependence [28]
Vpair ðr1; r2Þ ¼ V0
2

1V1

rðrÞ
r0
	g

d12 ð22Þ
where r0 is the saturation density
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andV1 ¼
8>><>>:
0; for the delta interaction ðDIÞ; volume pairing
1; for the density dependent delta interaction ðDDDIÞ; surface pairing
1
2
; for the mixed volume and surface pairing ðMIXÞwhere V0 defines the strength of the interaction. This
equation is formally equivalent to a Skyrme interaction
with t0 and t3 term only. As we move away from close
shells, pairing correlations play an important role and
should be taken into account. If one were dealing with a
fundamental many body Hamiltonian, where one of
proceed to apply HFB formalism to it, and dealing with
Skyrme force that have been simplified with the aim of
reproducing average, one would have to include addi-
tional parameterization in order to warranty that sensi-
ble pairing matrix elements are obtained [29].
Paring correlations are taken into account as two
different forms of pairing force, the volume pairing
Vdvolðr1; r2Þ ¼ V0 d12 ð23Þ
or the surface pairing
Vdsurf ðr1; r2Þ ¼ V0

1

rðrÞ
r0
	g

d12 ð24Þ
The surface interaction gives the pairing gaps that
increase very rapidly in light nuclei while the volume
force gives the values that are almost independent of A.
the experimental data show the trend that is interme-
diate between surface and volume, therefore the rela-
tion of the mixed volume and surface pairing which
employed in the present is defined as,
Vdmixðr1; r2Þ ¼
1
2

Vdvol þVdsurf

¼ V0

1

rðrÞ
2r0
	

d12
ð25Þ
Far from the spherical shape of nucleus the
geometrical shape of the ground state can be described
by the quadrupole deformation parameter b2.
3. The quadrupole deformation parameter
To describe the levels in deformed nuclei, must the
collective motion is interpreted as vibrations androtations of the nuclear surface in the geometric col-
lective model which first proposed by Bohr and Mott
[30], where a nucleus modelled as a charged liquiddrop. The moving nuclear surface may be described
quite generally by an expansion in spherical harmonics
with time-dependent shape parameters as coefficients
[31]:
Rðq;∅; tÞ ¼ Rav
"
1þ
X∞
l
Xl
m¼l
almðtÞYlmðq;∅Þ
#
ð26Þ
where R(q,∅,t) denotes the nuclear radius in the direc-
tion (q,∅) at time (t), Rav is the radius of the spherical
nucleus. For, (i) The l¼ 0 terms correspond to change in
nuclear radius (need a large amount of energy for the
compression of nuclear matter), and (ii) The l¼ 1 terms
correspond to a translation of the center of mass so, we
normally excluded them from the sum, and (iii) The
l ¼ 2, the quadrupole deformation seems to be the most
important collective excitations of the nucleus. (l andm)
determine the surface coordinates as functions of q and
∅ respectively. For axially symmetric nuclei, and it can
be rewritten the nuclear radius as,
Rðq;∅; tÞ ¼ Rav½1þ b2Y20ðq;∅Þ ð27Þ
where quadrupole: b2/ [3cos2(q)  1] ~ Y20 and b2
(¼alm)the quadrupole deformation parameter, can be
related to the axes of the spheroid by
b2 ¼
4
3
ﬃﬃﬃ
p
5
r
DR
Rav
ð28Þ
and the average radius, Rav ¼ R0A1/3, and DR is the
difference between the semi-major and semi-minor
axes from coordinate space, the larger the value of b2
the more deformed the nucleus. Positive and negative b2
values correspond to prolate and oblate shapes respec-
tively, and the relation between the constraint quadru-
pole moment operator Q and constraint quadrupole
deformation parameter b2 is given by the formula [1].
b2 ¼
ﬃﬃﬃ
p
5
r
〈Q〉
A〈r2〉
ð29Þ
Table 1
The Skyrme parameterizations that have been used in the present
work.
Force SLy4 [33] SLy7 [34] SkM* [25] Skxs25 [35]
t0 (MeV$fm
3) 2488.9 2480.8 2645 2883.29
t1 (MeV$fm
3) 486.8 461.29 410.0 315.5
t2 (MeV$fm
3) 546.3 433.39 135 329.3
t3 (MeV$fm
3) 13,777 13,669 15,595 18,229.81
W0 123.0 125.0 130 136.93
X0 0.834 0.848 0.09 0.18594
X1 0.344 0.492 0.0 0.24766
X2 1.0 0.1 0.0 0.60119
X3 1.354 1.393 0.0 0.40902
a 1/6 1/6 1/6 1/6
Table 2
The total binding energy (MeV) and root-mean-square charge radius
in (fm) of the selected nuclei obtained using HFB method with Sky-
rme interactions. The experimental data are shown for comparison.
Nuclei rms (fm) rms (fm) Exp. B.E. (MeV) B.E. (MeV) Exp.
21Na10 2.972 3.0138 158.163 163.073
25Na14 2.944 2.9770 200.765 202.538 ± 0.001
29Na18 3.012 3.0915 223.199 222.802 ± 0.014
33Na22 3.070 e 230.973 232.853 ± 0.966
27Si13 3.112 e 216.081 219.360
28Si14 3.106 3.1223 231.182 236.541
29Si15 3.111 3.1168 242.985 245.014
30Si16 3.120 3.1332 253.441 255.624
33Si19 3.180 e 277.097 275.897 ± 0.016
34Si20 3.200 e 284.952 283.434 ± 0.015
48Cr24 3.630 e 406.229 411.472 ± 0.008
49Cr25 3.631 e 418.651 422.055 ± 0.002
51Cr27 3.633 e 440.420 444.316 ± 0.001
53Cr29 3.643 3.6588 461.324 464.295 ± 0.001
56Cr32 3.666 e 485.013 488.506 ± 0.002
62Cr38 3.757 e 518.788 522.054 ± 0.322
141Sm79 4.923 4.9396 1159.556 1165.509 ± 0.003
143Sm81 4.931 4.9396 1182.315 1185.236 ± 0.003
146Sm84 4.946 4.9746 1205.066 1210.929 ± 0.004
147Sm85 4.951 4.9839 1210.731 1217.271 ± 0.003
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〈Q〉¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
16p
5
r
R2 Y20ðbrÞ ¼ 2z2  r2 ð30Þ
Deformations of higher order than quadrupole are
also present in atomic nuclei, but are not covered with
the b2 parameter. As a consequence, b2 ¼ 0 is only a
necessary condition for a spherical nucleus, but not
sufficient. The total energy of the system Etot as the
function of b2 represents a zero-order approximation to
the potential energy curve for the b2 -vibrations,
EtotðbÞ ¼ 〈Fbj bH jFb〉 ð31Þ
The aim of the present work is to investigate the
potential energy surface as a function of the quadrupole
deformation for light and heavy nuclei namely Sodium,
Silicon, Chromium, and Samarium isotopes covering a
wide region in nuclear chart. In the present work, the
calculation was performed using HFBTHO code [32],
which depend on the SHFB method with mix pairing.
4. Results and discussion
In the present work, the quadrupole deformation of
Na, Si, Cr, and Sm isotopes as a function of quadrupole
deformation b2 are investigated. The calculation has
been performed using SHFB theory with different
Skyrme parameterizations (SLy4, SLy7, SkM*, and
Skxs25) listed in Table 1.
We have used Skxs25 parameterization because it is
the one of recent Skyrme parameterization. It's
included in Skxs series which evaluated by Prof. B.
Alex Brown in 2007 [35]. It was obtained from fitting
the SHF parameters to the Skx data set [36], but with
the constraint of a ¼ 1/6 for the density dependent
potential (to give a small incompressibility K value)
and with a constraint to prevent the instability (this is
done by constraining the neutron-matter effective mass
to be near unity for all densities up to 10 times nuclear
matter). It includes the form for the spin-orbit poten-
tial. The results are labelled by Skxsxx where xx is 100
times the neutron skin thickness in fm.
In Table 2, we listed a set of theoretical calculated
data of root-mean-square (rms) charge radius in (fm)
and binding energies in (MeV) using SHFB method
together with the available experimental data. Inspec-
tion of these data reveals that these is a fine agreement
with the experimental one. Also it can be noticed that
these is little variations almost escaped attention, in
spite of the fact that it may be a useful tool for
extrapolation of rms Exp.We will now show some examples that were ob-
tained with the SLy4 parameterization in a Skyrme
energy functional. Fig. 1 shows the results of potential
energy curves in 21-33Na isotopes. Inspection of these
curves revealed that the prolate deformation minima
decreases gradually as the number of neutrons in-
crease. The 21Na10 and
25Na14 isotopes have prolate
deformation minima around b2 ¼ 0.350 at the potential
energy curves equal to 163.758 MeV to b2 ¼ 0.334 at
the potential energy curves equal to 212.625 MeV.
Whereas in 29Na18 and
33Na22 isotopes, at the point of
quadrupole deformation b2 ¼ 0.200 at the potential
energy curves equal to 232.576 MeV.
Fig. 2 shows the results of potential energy curves in
27-34Si isotopes were presented. The 27Si14 isotope has
Fig. 1. Deformation energy curves for the different 21-33Na (Z ¼ 11) isotopes plotted as a function of quadrupole deformation parameter b2
obtained from SHFB calculations with the SLy4 parameterization and mixed pairing.
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deformation b2 ¼ 0.332 at the potential energy
curves equal to 260.401 MeV. Whereas in 28Si14
isotope in 1st excited state 2þ, 4.6178 MeV have oblate
deformation minima around b2 ¼ 0.291at the po-
tential energy curves equal to 234.445 MeV. When
the energy curve has a minimum brought about by a
major rearrangement of the orbitals, the state that is
generated is called an intruder state. It is not a part of
the space of the normal shell orbitals for that nucleus,
but it intrudes into it from higher shells. While we note
when increasing neutron wholly different cases of
deformation as found in 29Si15 isotope as become
prolate shapes and to discuss such spherical de-
formations has been discussed from different points of
view to the shell structure in the harmonic oscillator.
For small N values discusses spheroidal deformations
in terms of the geometry with angular momentum l
being filled up. This discussion elucidates the transi-
tion from oblate to prolate shapes seen in the middle of
the 2s-shell at N ¼ 15 for 29Si15 isotope and in the d-shell at N ¼ 14 for 28Si14 isotope. It can be understand
geometrically as a consequence of the fact that the
A ¼ 0 states get lowest on the prolate side and highest
on the oblate. This behaviour is evident from the ma-
trix element of the spherical harmonic demonstrates
that the preference of prolate shapes observed for the
increases N is explained by different changes of the
length of the curve when a sphere becomes a prolate or
oblate spheroid of the same volume. Whereas the en-
ergy curves in 30Si16,
33Si17 and
34Si18 isotopes be-
comes spherical because of the neutron closed shell
effect, it begins where the figure once again to deviate
from spherical shape toward oblate deformation
minima. The single particle symmetry is actually the
mean field symmetry. This characteristic is an impor-
tant property related with the charge distribution of the
valence electrons. Such a structure becomes very
important when one studies the response of the mass to
the action of an external electromagnetic field.
Fig. 3 shows the results of potential energy curves in
48-62Cr-isotopes. In 48Cr24 isotope in 1st excited state
Fig. 2. Deformation energy curves for the different 27-34Si (Z ¼ 14) isotopes plotted as a function of quadrupole deformation parameter b2
obtained from SHFB calculations with the SLy4 Skyrme parameterization and mixed pairing.
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spin-orbit dominated shell model. The energy curve is
shown in Fig. 3. In calculating the energies, one takes
the expectation value of the Hamiltonian neglecting the
external field but taking the wave function from the
calculation that included the field. One sees that the
minimum is not a spherical state but is rather a prolate
deformation minima appear at the point of quadrupoledeformation b2 ¼ 0.255 at the potential energy curves
equal to 411.378 MeV.
It is seen that the deformation energy curve be-
comes soft toward the prolate direction with
increasing the neutron number from N ¼ 29, while we
note highest value of a prolate deformation minima
for Cr-isotopes at 53Cr29 isotope at the point of
quadrupole deformation b2 ¼ 0.200 at the potential
Fig. 3. Deformation energy curves for the different 48-62Cr (Z ¼ 24) isotopes plotted as a function of quadrupole deformation parameter b2
obtained from SHFB calculations with the SLy4 Skyrme parameterization and mixed pairing.
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deformation of the minimum decreases for N  32. As
in 56Cr32 and
62Cr38 isotopes, however, that the energy
difference between the spherical configuration
(b2 ¼ 0) and the quadrupole deformed minimum is
small, the reason is due to the increasing the number
of neutrons with a slight deviation to prolate defor-
mation minima.Fig. 4 shows the results of potential energy curves in
141-147Sm isotopes. The energy curve is shown in
141Sm79 isotope, one sees three minima: oblate,
spherical, and prolate, shows a nearly flat minimum on
the prolate between b2 ¼ 0.1e0.2 and oblate side be-
tween b2 ¼ 0.1e0.23, but the prolate part have
more energy than of oblate side, and this curves is also
of interest in describing fission, as found in the147Sm85
Fig. 4. Deformation energy curves for the different 141-147Sm (Z ¼ 62) isotopes plotted as a function of quadrupole deformation parameter b2
obtained from SHFB calculations with the SLy4 Skyrme parameterization and mixed pairing.
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a oblate deformation minima appear at the point of
quadrupole deformation b2 ¼ 0.190 at the potential
energy curves equal to 1214.773 MeV. Where as in
146Sm84 isotopes of J
p ¼ 0þ becomes spherical
because of the neutron closed shell effect.
Fig. 5 shows the deformation energy curves in for
25Na, 28Si, 48Cr and 141Sm isotopes using SLy4, SLy7,
SkM*, and Skxs25 parameterizations. Where we find
that nuclear heavy elements at the calculation of
quadrupole deformation parameter b2 be one for each
curve parameters as in the 141Sm while the rest of the
nuclear elements of light and medium different in their
calculation of potential energy curves. In 25Na14
isotope, prolate transitions occur between SLy4, SLy7,
SkM*, and Skxs25 parameterizations respectively. The
small difference in energy, therefore, the makes it
difficult to determine the exact particle number at
which the transitions exactly take place, since the en-
ergy difference of prolate isomers slightly depends on
assumptions concerning the details of the potential,
Whereas the energy curves in 28Si14 and
48Cr24 iso-
topes, oblate and prolate transitions occur between
SLy4, SLy7, and SkM* parameterizations the potential
energy curve has an intruder state. As the Skxs25parameterization take the ground state of stability for
N ¼ Z of 28Si14 and 48Cr24 isotopes. Where we found
the potential energy curve of 141Sm79 isotope, have
oblate, spherical, and prolate deformation minima for
SLy4, SLy7, and SkM* parameterization, while the
Skxs25 parameterization take the stable state of
141Sm79 isotope, and the (Skxs25) parameterization
used the Spherical Initialization method: This method
fills the orbitals in the canonical shell model orbital
order. The states are filled from low jmj to high jmj,
producing slightly prolate states for open shell nuclei.
This method has the severe disadvantage, that it pro-
duces a spherical initial state for nuclei with a closed
sub-shell for (Skxs25) parameterization of (28Si, 48Cr
and 141Sm). While the others parameterizations taken
as the Prolate Initialization and the Oblate Initializa-
tion method.
5. Conclusion
Theoretical studies such as Hartree-Fock-
Bogoliubov approximation methods with effective in-
teractions are necessary to gain a better understanding
of these phenomena. The numerical approaches may
be afflicted upon in the future by allowing for oddeodd
Fig. 5. Deformation energy curves for the different nuclei 25Na, 28Si, 48Cr and 141Sm plotted as a function of quadrupole deformation parameter
b2 obtained from SHFB calculations with (SLy4, SLy7, SkM*, and Skxs25) Skyrme parameterization and mixed pairing.
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gaining a better understanding of the tensor parame-
terizations by establishing a standard set of tensor
parameter values based on the figuration of some of the
properties of well-established nuclei. Thus, we find
that the different Skyrme force have different nuclear
matter characteristics and are widely used for the
description of ground state properties and dynamics of
atomic nuclei, and HFB equations for Skyrme param-
eterization makes it possible to perform deformed
calculations with transformed harmonic oscillator basisallowing astudy of heavy deformed nuclei in the HFB
approximation. It is conclude that the energy barriers
in the potential energy curves depend strongly on the
details of calculations, especially on the pairing force
and on the deformation in nuclei.
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